When complex biological materials are analyzed without an adequate sample preparation technique, MS signal and response undergo significant alteration and result in poor quantification and assay. This problem generally takes place due to the presence of several endogenous materials component in samples. One of the major causes of ion suppression in bioanalysis is the presence of phospholipids during LC-MS analysis. The phospholipid-based matrix effect was investigated with a commercially available electro spray ionization (ESI) source coupled with a triple quadrupole mass spectrometer. HybridSPE dramatically reduced the levels of residual phospholipids in biological samples, leading to significant reduction in matrix effects. This new procedure that combines the simplicity of precipitation with the selectivity of SPE allows obtaining much cleaner extracts than with conventional procedures. HybridSPE-precipitation procedure provides significant improvement in bioanalysis and a practical and fast way to ensure the avoidance of phospholipids-based matrix effects. The present review outlines the HybridSPE technique to minimize phospholipids-based matrix effects on LC-ESI-MS bioanalysis.
Introduction

H
igh-performance liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) due to its high degree of sensitivity and selectivity is widely used in bioanalysis of small molecules. When complex materials are analyzed without an adequate sample preparation technique, MS signal and response undergoes significant alteration and result in poor quantification and assay. This problem generally takes place due to the presence of several endogenous materials component in samples. [1] [2] [3] [4] [5] [6] [7] Matrix effect is defined as the effect of co-eluting residual matrix components on the ionization of the target analyte. When a rather long isocratic or gradient chromatographic program is used in the quantitative assay, matrix effect may not be present at the retention time for an analyte. However, in the case of high-throughput LC-MS/MS analysis, matrix effect is one of the major issues to be addressed in method development and validation, especially when analyte is not well separated from the LC-front. One problem brought by matrix suppression effect is reduced sensitivity when analyte signal is suppressed. Detailed studies on matrix effects revealed that the ion suppression or enhancement are frequently accompanied by significant deterioration of the precision of the analytical method as demonstrated by Matuszewski et al. [8] The authors studied the precision (%R.S.D.) upon repetitive injection of post-extraction spiked plasma samples as a function of the analyte concentration for a single lot and for five different lots of plasma. While for the single plasma lot the precision is acceptable, it may not be when different plasma lots are taken into account. Generally, matrix effect impacts more on the low end of calibration curve than the mid range or highly end. When discussing matrix effects, it is useful to discriminate between ion suppression (or enhancement) by the matrix on one hand, and different matrix effects exerted by different sample lots on the other hand. The difference in response between a neat solution sample and the post-extraction spiked sample is called the absolute matrix effect, while the difference in response between various lots of post-extraction spiked samples is called the relative matrix effect. If no counteraction is taken, an absolute matrix effect will primarily affect the accuracy of the method, while a relative matrix effect will primarily affect the precision of the method. [2] One of the best tools for observing matrix effects is the post column infusion technique.
Matrix Effect
Ion-suppression, sometimes referred to as matrix effect, is a common problem in atmospheric pressure ionization (API) mass spectrometer. Phospholipids, and in particular glycerophosphocholines and lysophosphatidylcholine [ Figure 1 ] represent the major class of endogenous compounds causing significant matrix effects. [2] [3] [4] [5] [6] [7] [8] [9] Phospholipids are important class of biological compounds containing one or more phosphate groups.
For their inherent characteristics these polar lipids are of great importance for the structure and function of cell membranes and are the most abundant of membrane lipids. Although not stored in large amounts in the system, [10] they are particularly abundant in plasma samples. Their molecular structure exhibit two major functional group regions: a polar head group substituent, which includes an ionizable organic fatty acid ester group which impart considerable hydrophobicity to the molecule. In particular, the highly ionic nature of phospholipids makes them responsible for influencing the ionization in electrospray MS sources, [11, 12] and desolvation of the LC effluent droplets in electrospray MS analysis. [13] Therefore, the removal of phospholipids represents phosphate moiety as well as other polar groups of various types, and one or two long chain being an extremely important step in the sample preparation process. [14] Several techniques have been applied toward the removal of phospholipids in order to obtain cleaner sample extracts. Most of them are based on solid-phase extraction procedures using strong cation exchange sorbents, [12] automated on-line SPE. [15] Matrix effect is a common problem in atmospheric pressure ionization (API) mass spectrometry. [16] There is difference in opinion as to amount of ion-suppression that is acceptable for an analytical method. In some laboratories, ion-suppression in an analytical method is not acceptable, but in other cases, it is tolerated if there is no significant effect on the validity of the analytical data with appropriate QCs. The phenomenon of ion-suppression results in sporadic reduction of signal intensity. Consequently, the lower limit of quantitation (LLOQ) for highly sensitive bioanalytical methods could be difficult to achieve. The problem can further be complicated by differential ion-suppression due to inter subject variability, and the use of blank bio-matrix with varying lot numbers (i.e., control blood obtained from different patients/subjects) in preparing the calibrators. Differences in ion-suppression between the analyte and structurally different internal standards may also be problematic. This issue can be mostly mitigated by the use of stable isotopically labeled (SIL) internal standards. The extent of ion-suppression is dependent on the sample preparation method and chromatographic separation. The use of protein precipitation (PPT) is most likely to cause an ion-suppression in ESI due to the lack of selectivity (co-elution of endogenous compounds such as lipids, phospholipids, fatty acids, etc., that affect the ESI droplet de-salvation process; however, in comparison, the extracts obtained from solid phase extraction (SPE) and liquid-liquid extraction (LLE) are relatively cleaner. [9] Further studies on the molecular identities of co-eluting endogenous compounds are required to clearly delineate their contributions to ion-suppression. Ion-suppression can lead to random variations in the internal standard signal, standard curve slope and intercept, LLOQ, and overall reproducibility of an assay. Lastly, with an exception, the use of APCI instead of ESI can eliminate or minimize ion-suppression. However, the analyst should perform preliminary experiments on assay sensitivity as well as thermal stability of the test article during APCI optimization to ascertain its structural integrity during analysis. [17] 
How to Diagnose that it is Matrix Effect or Poor Recovery
Recovery is determined by comparing the peak area of extracted sample with those neat solutions spiked into the blank matrix. Because both samples have the matrix ingredients present, the matrix can be considered same for the extracted sample. Any difference in response is due to the extraction recovery. The extraction efficiency (or recovery) was determined by measuring an extracted sample against a (post-extraction) spiked sample:
Where, A is the response for the extracted samples and B the response for post-extracted spiked samples. Now the matrix effect is determined by comparing the peak area of the neat solution spiked into blank (post-extracted) with those of the neat solution. Because analyte is not extracted, it should have same response in the post-extraction spiked sample and in neat solution. The matrix effect will be responsible for difference in response. A useful method to assess matrix suppression is postcolumn infusion of analyte into mass detector. The matrix effect was measured by referring the post-extracted spiked sample to the unextracted sample, using the following equation:
Where, C is the peak area of a neat standard and B is the corresponding peak area for standards spiked into plasma after extraction.
A Post-Column Infusion Experiment That Can be Used to Detect Matrix Effects in an HPLC-MS-MS Assay
Here the extracted blank matrix is injected by an auto sampler into the analytical column. The purpose of post-column infusion with analyte is to raise the background level so that the suppression matrix will show negative peak. This method [ Figure 2 ] has been successfully used to identify matrix suppression peak. [18] Problems/Difficulties in Removing Phospholipids from Biological Samples Due to the nature of phospholipids, none of the mainstream sample preparation techniques; protein precipitation technique (PPT), liquid-liquid extraction (LLE), and solid phase extraction (SPE) offer the proper selectivity to distinguish phospholipids from analytes of interest. Their molecular structure exhibit two major functional group regions: a polar head group substituent, which includes an ionizable organic phosphate moiety as well as other polar groups of various types, and one or two long chain fatty acid ester groups [ Figure 3 ], which impart considerable hydrophobicity to the molecule. Phospholipids co-extract with analytes of interest when using traditional sample preparation technique. [19] 
Protein precipitation technique
Protein precipitation is the simplest means of sample pretreatment. Due to the selectivity of MS detectors, it is thought that sample pretreatment for LC-MS/MS assays is redundant. Infact, the largely polar and hydrophilic character of some natural products makes it difficult to extract analytes from plasma with solvents, and PPT technique was therefore often used. [20, 21] The results showed the deproteinization by acetonitrile gave a good resolution and high recovery. Based on the above mentioned reasons, many natural products in biological fluids were extracted by this method. [22] [23] [24] [25] [26] [27] [28] [29] [30] It is also worth noting that precipitation of proteins with acids may catalyze the hydrolysis of some conjugates such as glucuronides and sulphates. [31] It removes gross levels of proteins but no phospholipids.
Liquid-liquid extraction
Liquid-liquid extraction is especially suited for lipophilic compounds. The selection of sample pretreatment techniques for each bio-fluid depends on expected analyte concentrations and required detection limits. Acetonitrile protein precipitation provides sufficient pre-concentration and protein removal for quantitative analysis of analytes in bio-fluids. Matrix suppression data indicate that SPE or LLE is required prior to LC-MS bioanalysis. [3] In LLE phospholipids will co-extract with analytes due to hydrophobic tail. [19] 
Solid-phase extraction
In the bioanalysis solid-phase extraction is a frequently used technique for sample pre-treatment. Compared with the PPT procedure, the SPE method reduces the serum background greatly [ Figure 4 ]. SPE is chosen for the extraction and , November 14, 2012, IP: 106.78.124.118 ] || Click here to download free Android application for this journal purification of analytes due to its high selectivity, speed of extraction, the potential for automation, and the fact that much lower volumes of organic solvents are required than those for liquid-liquid extraction. [32] In some cases, it is necessary to acidify or alkalify the biological fluids containing analytes before transferring samples to the SPE column. [33, 34] SPE can be performed off-line manually; it is known that the efficiency of SPE depends on the type of sorbents, the sample volume and pH, the content of organic modifier. In SPE, nominal phospholipids are removed (in reversed-phase SPE-phospholipids will coextract with analytes due to hydrophobic tail while in mixedmode/ion-exchange SPE-phospholipids will co-extract with analytes due to the zwitterionic polar head group). [19] 
Novel-Hybrid SPE-Precipitation Technology
A pitfall of all the above-discussed methods is the matrix effect since all of these methods, except one, used pure neat analyte solutions to model the SPE characteristics for use with real matrix samples. Since plasma, serum, and urine are complex matrices, containing many compounds that could interfere with analyte retention, care must be taken in applying the models to real samples. To diminish the effect of the matrix, it can be diluted as far as possible before applying it to the sorbent. Also, it is wise to take some margin into account in selecting organic modifier concentrations used in wash and elution steps. The matrix effect is compound dependent and rather unpredictable. Therefore, the recovery of a proposed SPE method should always be verified by using a spiked matrix sample.
HybridSPE-PPT technology is a simple and generic sample prep platform designed for the gross level removal of endogenous protein and phospholipids interferences from biological plasma and serum prior to LC-MS or LC-MS-MS analysis. The important feature and benefits of this technique are mentioned in Table 1 .
Procedure
Biological plasma or serum is first subjected to protein precipitation in which biological plasma/serum is first added to the 96-well plate followed by acidified acetonitrile (precipitation agent). An upper PTFE frit impedes premature flow of the sample before vacuum application. After a brief mixing/vortexing step to facilitate protein ppt, vacuum is applied to the 96-well plate.
The 96-well version contains a series of low porosity hydrophobic filters/frits. The packed-bed filter/frit assembly acts as a depth filter facilitating the concurrent removal of both phospholipids and precipitated proteins during the extraction process. After the protein-precipitated sample passes through the HybridSPE-PPT device, the resulting eluent is ready for immediate LC-MS or LC-MS-MS analysis [ Figure 5 ].
Working mechanism
Once the plasma/serum sample is subjected to protein precipitation via the addition of acetonitrile (containing 1% formic acid), it is passed through the HybridSPE-PPT packed bed. The packed bed consists of proprietary zirconia-coated silica particles [ Figure 6 ]. The zirconia sites exhibit Lewis acid (electron acceptor) properties that will interact strongly with Lewis bases (electron donor). Phospholipids structurally consist of a polar head group (zwitterionic phosphonate moiety) and a large hydrophobic tail (two fatty acyl groups that are hydrophobic). The phosphate group inherent with all phospholipids acts as a very strong Lewis base that will interact strongly with zirconia atoms functionalized on the particle surface. Formic acid is a critical modifier used in the precipitation agent to improve the recovery of many analytes of interest (e.g., acidic compounds). It plays a critical role in preventing analyte retention without affecting phospholipids retention/removal.
Method Development and Recovery Optimization
Zr atoms bonded to the HybridSPE silica surface act as Lewis acid because it contains vacant d-orbital and interacts with sample component by Lewis acid-base interaction. Phospholipids are retained/removed from the sample through a highly selectivity Lewis acid-base interaction between the phosphate group (Lewis base), inherent of all phospholipids, and Zr atoms bonded to the HybridSPE silica surface. When Ammonium formate in methanol recommended for low recovery basic and neutral compounds. Methanol combined with ammonium formate is a powerful protein precipitation agent, providing precipitants similar in consistency to acetonitrile protein precipitation. The formate ion (HCOO -) is a strong enough Lewis base to inhibit most acidic compounds from interacting with Zr sites, improving recovery of acidic compounds. NH4
+ is a stronger counter-ion than H + , able to inhibit a wider range of basic compounds from interacting with exposed silanol groups.
Citric acid in acetonitrile recommended for low recovery chelator and acidic chelator compounds (citric acid) is a stronger Lewis base than format, inhibiting most chelator compounds from interacting with Zr ions on the HybridSPE stationary phase [ Figure 8 ]. Note that citrate is not strong enough to disrupt phosphate (phospholipids) binding. [19] The flow chart [ Figure 9 ] is given here under for the convenience of reader. Formic acid is used as a modifier for most of the acidic, basic, and neutral compound. Because the formate ion is stronger
Comparison of sample preparation techniques
HybridSPE-PPT combines the simplicity of protein precipitation with the selectivity of SPE targeting the specific removal of both phospholipids and precipitated proteins from biological plasma. Both phospholipids and protein represent the two largest contributors of ion-suppression in pharmaceutical bioanalysis. If adequately removed prior to LC-MS, analysts can more easily and quickly achieve targeted LLOQ for most applications. Comparison of sample preparation techniques are given in Table 2 .
Comparison of HybridSPE-PPT, protein precipitaiton, and SPE
In this application example, rat plasma samples were spiked with clenbuterol (R(-) and S(+) enantiomers) at the level of 10 ng/mL and extracted using three different procedures: HybridSPE-PPT, Protein PPT, and a 9-step SPE procedure optimized for trace level clenbuterol analysis. The analysis was performed using a chiral stationary phase containing a macrocyclic glycopeptide covalently bound to silica and detection via MS-MS. Comparisons of sample preparation methods were made in terms of the amount of phospholipids in the sample extract and the overall effect on signal response of clenbuterol enantiomers. Absolute recovery was determined against an external standard. Representative chromatograms of each the sample preparation techniques are depicted in [ Figure 10 ]. From the results, it was found that phospholipid contamination levels were highest for protein precipitation resulting in signal suppression levels 70% and 25% for the R(-) and S(+) enantiomers of clenbuterol, respectively. For the SPE procedure, phospholipid contamination was still evident after multiple wash steps, and overall absolute recovery was less than 50%. In contrast, HybridSPE-PPT offered 100% removal of phospholipids resulting in absolute recovery levels of 95%.
Summary and Conclusion
The aforementioned discussion indicated that although plasma protein precipitation can sometimes fulfill the requirements of extraction yield but not adequate to sufficiently remove phospholipids. It removes gross levels of proteins. Moreover, the monitoring of the MRM transitions of phospholipids and the matrix effect evaluation clearly indicated that endogenous phospholipids in both rat and human plasma PPT extracts are a significant tool in order to evaluate phospholipids-based matrix effects in LC-MS/MS analyses leading to ion suppression in bioanalytical determinations. While in Liquid-liquid extraction phospholipids will co-extract with analytes due to hydrophobic tail. A systematic comparison of the different traditional sample preparation techniques to the new sample preparation platform HybridSPE-Precipitation showed to represent a useful and effective tool in providing cleaner extract and in reducing or eliminating phospholipids-based matrix effects.
